[1] Paleomagnetic data from the Internal Sierras unravel the kinematic relationship between basement (Guarga, Gavarnie, Bielsa) and cover thrusts (LarraMonte Perdido). The new data come from an area of 100 km along strike and 5-15 km across strike of the southwestern Pyrenees. The area covers a variety of structural positions that range from cover to basement thrusts. From 84 sites located in Upper Cretaceous, two meaningful magnetic components are found: (1) the higher-temperature C component (unblocks at 575°C) presents two polarities, is prefolding, has a mean declination and inclination (D/I) of 010/44 (a 95 = 8, k = 15), and is considered primary; and (2) The tilting induced by the basement thrust (Gavarnie, Bielsa) in the axial zone does not alter the inclination of the B, so that the sediments acquire the B component later than Priabonian (emplacement age of the Gavarnie thrust). The B component is rotated clockwise with respect to the Tertiary reference. This means that the rotation takes place after the remagnetization event. The position of the C component before the rotation of the B component is negligibly rotated (D/I of 002/44; a 95 = 7, k = 94) with respect to the Cretaceous reference; therefore the B component records the last and only rotational event in the region. The rotation is related to the latest basement deformation (Guarga thrust) during upper Oligocene times, and it reflects the regional shortening gradient in the southwestern Pyrenees. The emplacement of the Larra-Monte Perdido cover thrust system that took place prior to basement thrusts mentioned above did not undergo any significant rotation.
[1] Paleomagnetic data from the Internal Sierras unravel the kinematic relationship between basement (Guarga, Gavarnie, Bielsa) and cover thrusts (LarraMonte Perdido). The new data come from an area of 100 km along strike and 5-15 km across strike of the southwestern Pyrenees. The area covers a variety of structural positions that range from cover to basement thrusts. From 84 sites located in Upper Cretaceous, two meaningful magnetic components are found: (1) the higher-temperature C component (unblocks at 575°C) presents two polarities, is prefolding, has a mean declination and inclination (D/I) of 010/44 (a 95 = 8, k = 15), and is considered primary; and (2) The tilting induced by the basement thrust (Gavarnie, Bielsa) in the axial zone does not alter the inclination of the B, so that the sediments acquire the B component later than Priabonian (emplacement age of the Gavarnie thrust). The B component is rotated clockwise with respect to the Tertiary reference. This means that the rotation takes place after the remagnetization event. The position of the C component before the rotation of the B component is negligibly rotated (D/I of 002/44; a 95 = 7, k = 94) with respect to the Cretaceous reference; therefore the B component records the last and only rotational event in the region. The rotation is related to the latest basement deformation (Guarga thrust) during upper Oligocene times, and it reflects the regional shortening gradient in the southwestern Pyrenees. The emplacement of the Larra-Monte Perdido cover thrust system that took place prior to basement thrusts mentioned above did not undergo any significant rotation.
Introduction
[2] To understand the construction of continental collision orogens in compression tectonic regimes, it is essential to know how the orogenic wedge develops not only in terms of the sequence of thrusts but also taking into account the vertical axis rotations (VARs). The timing and magnitude of displacement of thrusts together with the timing and magnitude of VARs will constrain the tectonic evolution of the orogen. Understanding the interactions between cover and basement thrust systems that are separated by detachment levels is a difficult task, especially in orogens where the deeper portions are not well exposed or the upper portions have been eroded. Classic structural techniques (mapping, cross section balancing, cleavage analysis, etc.) alone do not sufficiently unravel the age and magnitude of deformation sequences and the coupling between cover and basement systems. However, when such techniques are integrated with paleomagnetic analysis, which at this time is the only reliable way to characterize VARs, many parameters such as along strike shortening gradient, are possible to identify. This integration of data allows reliable restoration of finite deformation to a predeformational stage. In particular, the shortening gradient obtained from balanced cross sections is key to understanding three-dimensional deformation patterns (including mechanisms of lateral transference) in an orogen. Besides the determination of VARs, to establish the time of acquisition of different magnetic components allows distinguishing different episodes during the rising history of an orogen. Secondary components provide valuable information, especially when remagnetization processes have partially overprinted the original magnetization since they represent snapshots of the deformation history of the orogen.
[3] The Pyrenean orogen has been the subject of systematic paleomagnetic studies for the last three decades in both basement blocks and cover systems. The salient that conforms the South Pyrenean Central Unit (SPCU, sector A in Figure 1a ), shows no significant rotations in its frontal portions [Dinarès, 1992; Dinarès et al., 1992; Pascual, 1992; Meigs et al., 1996; Meigs and Burbank, 1997; Beamud et al., 2003 Beamud et al., , 2004 , but remarkable rotations are found in oblique structures: counterclockwise rotations in the eastern side of the SPCU and higher magnitudes of clockwise rotations (up to 80°) in the western side of the SPCU (sector B in Figure 1a ) related to distributed shortening [Keller et al., 1994; Dinarès-Turell and García-Senz, 2000; Sussman et al., 2004; Dinarès, 1992; Muñoz et al., 2003; Fernández et al., 2003; Fernández, 2004] . West of the SPCU, a variable degree of clockwise rotation (50°-25° [ Hogan and Burbank, 1996; Pueyo et al., 2002 Pueyo et al., , 2003a Pueyo et al., , 2003b Pueyo et al., , 2004 ) is associated with the imbrication of the basal thrust system, which gave rise to the External Sierras (ES) and the piggyback movement of the Jaca-Pamplona basin (sector C in Figure 1a ). These rotations are, somehow, expectable if we take into account the differences of orogenic shortening detected by cross section balancing between the SPCU and the western portion of the External Sierras [Martínez-Peña and Casas-Sainz, 2003; Teixell, 1996 Teixell, , 1998 ]. In contrast, no rotation has been determined in the western sector of the Jaca-Pamplona Basin (sector D in Figure 1a ) [Larrasoaña et al., 2003a; Almar et al., 2004] . Most of this large data set shows well-proved primary directions; however, a prefolding remagnetization component has been found in specific areas as in the Organyà basin [Dinarès-Turell and García-Senz, 2000; Gong et al. 2005] (Figure 1a , northwest corner of A sector) and in the Cotiella massif [Garcés et al., , 2005 in the Upper Cretaceous limestones in relation to diagenetic processes (E sector in Figure 1a ). Synfolding and prefolding remagnetizations have been described in the Permian-Triassic materials [Van der Voo and Boessenkol, 1973; Schott and Peres, 1988; Bates, 1989; McClelland and McCaig, 1989; Larrasoaña et al., 2003b] .
[4] The ES are the southernmost expression of the movement of the South Pyrenean Sole Thrust (Guarga thrust). In the ES local rotations have been documented in relation to the emplacement of the Guarga basement thrust and its progressive transfer of shortening to the west [Hogan, 1993; Millán, 1996; Pueyo, 2000] . The Internal Sierras (IS) are situated around 50 km to the north of the ES. The IS are in the southwestern Pyrenees between the axial zone to the north and the Jaca-Pamplona turbidic basin to the south. The rocks that outcrop in the IS are MesozoicTertiary sediments (F sector in Figure 1a ). These materials are affected by both the older, uppermost cover thrusts (Larra-Monte Perdido system) and the younger, underlying basement thrusts (Gavarnie, Millares, Bielsa and Guarga thrusts). The main goals of this paper are to characterize the rotation pattern in the IS and to unravel the kinematic evolution of coupling between cover and basement thrust systems in the southwestern Pyrenees by means of paleomagnetic analysis. Along with the interplay of the thrusts systems, the shortening evolution and its relation to the deformation of the basement is also addressed.
Geological Setting
[5] The Pyrenees are an excellent geological example of a double vergent mountain belt because of the relative simplicity of the orogen, the availability of synorogenic materials, the outstanding exposures and the degree of preservation that make possible the acquisition of surface data. In addition, the development and interpretation of deep seismic profiles (ECORS Pyrenees, west Pyrenees, Bay of Biscay and the Estudios Sismicos de la Corteza Iberica Norte's in the Cantabric margin) and their integration with surface data have significantly progressed the understanding of the structural evolution of this mountain belt, first across strike with the balanced cross sections, and second along strike, comparing the shortening transfer looking at the time and evolution of structures within the different cross sections [e.g., ECORS Pyrenees Team, 1988; Choukroune, 1992; Muñoz, 1992; Teixell, 1998; Fitzgerald et al., 1999; Beaumont et al., 2000; Vacher and Soriau, 2001; Vergés and García-Senz, 2001; Vergés et al., 2002; Martínez-Peña and Casas-Sainz, 2003] .
[6] In the southwestern part of this Mountain Range, the Internal Sierras represent a fairly linear topographic feature of abrupt terrain, with elevation differences of more than 1700 m and altitudes up to 3355 m (Monte Perdido). The rocks that characterize the IS include limestones, marls, calcarenites and turbiditic sediments of Mesozoic-Tertiary age. The position of these sediments varies along strike; that is, in the western side of the studied area, these rocks lie unconformably over the basement, but more to the east, they are detached over Paleozoic or Triassic evaporites further east, in the Bielsa region [Ríos et al., 1982a; 1982b , 1987a , 1987b Martínez-Peña and Casas-Sainz, 2003] (Figure 1a ).
Stratigraphy of the IS
[7] The studied Mesozoic-Tertiary rocks comprise Upper Cretaceous and Eocene sediments. The Upper Cretaceous shows two main depositional sequences. The older sequence Figure 1 . (a) Geological map of the Pyrenees [see Choukroune and Séguret, 1973] . Paleomagnetic sampling areas have been also located. A, South Pyrenean Central Unit (SPCU); B, oblique structures in the western side of the SPCU; C, External Sierras (ES) and Jaca-Pamplona piggyback basin (JPB); D, western area of the Jaca-Pamplona Basin; E, Cotiella Unit; F, Internal Sierras (IS). Lines 1b and 1c are the cross sections below. (b) Ansó-Arzacq section in the western part of the IS from Teixell [1992 Teixell [ , 1996 and Teixell and García-Sansegundo [1995] , modified in the southern part following an alternative interpretation by Millán [1996] . (c) Cotiella-Neste Aure section from Martínez-Peña and Casas-Sainz [2003] . In the cross sections, the name of the thrusts are indicated by capital letters, the structural zones are indicated by italics. SPZ, South Pyrenean Zone; NPZ, North Pyrenean Zone; NPFZ, North Pyrenean Zone; SPCU, South Pyrenean Central Unit; SM, Serres Marginals. [Labaume et al., 1983; Canudo and Molina, 1988; Barnolas and Teixell, 1994; Mutti et al., 2003; Payros et al., 2006] . Paleomagnetic Tertiary references in Iberia do not show any significant difference with respect to European poles neither to the present north magnetic pole.
Structural Features in the IS
[8] The main structural characteristic of the IS is the Larra-Monte Perdido cover thrust system [Souquet, 1967; Séguret, 1972] . This thrust system is characterized by series of subhorizontal detachment horizons. The horizons have displacements between 3 and 5 km in a southward direction, and they have associated propagation folds [Alonso and Teixell, 1992] . The detachments affect the cover of Upper Cretaceous-Eocene sequence. In the west of the studied area, the imbricate thrust system merges in a floor detachment level which is connected to the Lakora basement thrust to the north of the axial zone [Labaume et al., 1985; Teixell, 1992 Teixell, , 1996 . A foreland breaking sequence of basement thrusts affects this cover thrust system later. The sequence of basement thrusts differs from east to west in the studied area. In the west and from north to south they include the Gavarnie and Guarga thrusts [Labaume et al., 1985; Teixell, 1992 Teixell, , 1996 Teixell and García-Sansegundo, 1995] . In the east the Gavarnie, Millares, Bielsa, and Guarga thrusts build the foreland breaking sequence [Martínez-Peña and Casas-Sainz, 2003; Casas et al., 2003] (Figures 1b and 1c) . In general, deformation progresses from east to west [Teixell, 1992 [Teixell, , 1996 Millán et al., 2000; Martínez-Peña and Casas-Sainz, 2003, and references therein] .
[9] South of the IS, several pulses of deformation have been recorded in the turbiditic basin [Labaume et al., 1985; Barnolas and Teixell, 1994; Payros et al., 1999] . The deformation has been classically grouped in two phases. The first phase (middle-upper Eocene) coincides with the movement of the Larra-Monte Perdido thrust system [Séguret, 1972; Teixell, 1992] . The second one is related to the emplacement of the Gavarnie basement thrust (upper Eocene -lower Oligocene [Labaume et al., 1985; Teixell, 1992; Holl and Anastasio, 1995] ). The second phase generated south verging mesoscale folds and a penetrative and widespread cleavage domain [Labaume et al., 1985; Teixell, 1992; Holl and Anastasio, 1995] .
[10] The cleavage domain is a fan-shaped planar fabric region with a general E-W trending. The region affected by this planar fabric in the southwestern Pyrenees centers in the axial zone and affects the IS and the northern part of the Jaca-Pamplona turbiditic basin [Choukroune and Séguret, 1973; Choukroune, 1976] . The strain rate in the cleavage domain increases from the southern front in the JacaPamplona turbiditic basin to the north in the axial zone [Choukroune, 1976; Holl and Anastasio, 1995] . The depth of cleavage domain development depends basically on sedimentary and tectonic loads together with temperature and tectonic gradients [Maxwell, 1962; Mattauer, 1976; Price and Cosgrove, 1990] . The mechanism of cleavage development in the studied area is pressure solution [Holl and Anastasio, 1995] . The mineralogy and composition of the rocks control the temperature of the development of pressure solution cleavage. For limestones the temperature is around 170°C [Groshong et al., 1984] , and for siliciclastic rocks it is 300°C [Kerrich and Allison, 1979; Elliot, 1973 Elliot, , 1976 . The temperature of the materials where the cleavage domain develops in the southwestern Pyrenees has been calculated to be around 200°-250°C from chemical analysis in fluid inclusions in veins [Travé et al., 1997; McCaig et al., 2000] . The overburden on top of these cleaved rocks is calculated to be around 4 -7 km [Grant et al., 1990; Travé et al., 1997; Teixell et al., 2000; McCaig et al., 2000] . The impurities present in limestones favor the development of pressure solution cleavage planes [Marshak and Terry, 1985] . We consider the cleavage domain because all sites in this study fall within this region with a distinct planar fabric.
Sampling and Laboratory Procedures
[11] Using a portable, water-refrigerated drill, we collected samples in 93 paleomagnetic sites. In each site between 10 and 12 standard cores were drilled within 5 -20 m of stratigraphic section. At 10 sites with particularly difficult access, oriented blocks were collected. Bedding and cleavage orientation were also recorded.
[12] The sampling sites were concentrated in Upper Cretaceous deposits except for nine sites drilled in the Eocene turbidites deposits (eight of them in four metricscale folds). The sites are distributed along the strike of the IS extending 100 km in length and 5 to 15 km in width in map view ( Figure 1a , sector F). The sites are located in different thrusts sheets with diverse bedding attitudes. The majority of sites in the Upper Cretaceous rocks could not be sampled in outcrop-scale folds as in the flysch deposits.
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[13] Magnetic mineralogy experiments have been carried out in order to characterize the magnetic carriers, in terms of nature and grain size, within the sedimentary rocks of the Internal Sierras. The rock magnetism analyses comprise (1) acquisition curves of isothermal remanent magnetization (IRM) [Dunlop, 1972] where the maximum applied field is 1.45 T, and (2) stepwise thermal demagnetization of composite IRM, where three different magnetic fields (hard 1.45; medium 0.4, and soft 0.12 T) are applied in three different and perpendicular axis prior to thermal demagnetization of the sample [Lowrie, 1990] . Both types of experiments were performed in the Gams Paleomagnetic Laboratory (Leoben University, Austria) using a Walker electromagnet (1.45 T) and a 2-G pulse magnetizer (2.5 T) on standard specimens. Low temperature experiments and hysteresis loops were conducted at the Institute for Rock Magnetism (University of Minnesota) using a Magnetic Properties Measurement System (MPMS) magnetometer (Quantum Design Ltd.) for low-temperature experiments, and a Micro VS Magnetometer (Princeton Instrument Corporation) on powder chips of 250-300 mg and a Vibrating Sample Magnetometer (Princeton Instrument Corp.) on standard specimens for hysteresis loops.
[14] Demagnetization procedures were performed at the Gams Paleomagnetic Laboratory and at the Institut de Ciencies de la Terra ''Jaume Almera'' CSIC-Universitat de Barcelona, Spain. Magnetization measurements during stepwise thermal demagnetization (every 50°to 25°C at MMTD and Schonsted TSD-1 ovens) were obtained with a 2-G and GM-400 cryogenic magnetometers. Susceptibility was monitored during the demagnetization in both laboratories to control the evolution of magnetic mineralogy.
[15] Characteristic remanent magnetization (ChRM) directions for each sample was computed using the principal component analysis (PCA) routine [Kirschvink, 1980] provided by the Paldir software package (Utrecht Paleomagnetic Laboratory). Alternative calculations on site level include using demagnetization circles [Bailey and Halls, 1978] and the stacking routine [Scheepers and Zijderveld, 1992; Pueyo et al., 2007] . Site means were obtained using Fisher [1953] [Lowrie, 1990] . The intensity decay in each axis is measured and represented separately. (a) Representative curves of the lower part of Upper Cretaceous with a ''hard'' ferromagnetic mineral (hematite, from the temperature decay) and a ''medium'' coercivity mineral (sulfides, due to intensity decay at around 300°-330°C). (b) Curves for the top of the Upper Cretaceous and Eocene, where no ''hard'' ferromagnetic mineral is present but some sulfides (''intermediate'' axis decays before 350°C) and magnetite (''soft'' axis decays at around 580°C) are present. Y axis, normalized remanent magnetization; X axis, temperature. 1996), which follows criteria from McElhinny [1964] and software from McFadden [1990] .
Paleomagnetic Data

Magnetic Mineralogy
[16] Samples from the lower part of the Upper Cretaceous (the carbonate platform) show a different ferromagnetic content than the samples from the upper part of the Upper Cretaceous and Eocene (the carbonate-siliciclastic platform and the turbidites). The difference between these two groups in the ferromagnetic content is shown by the IRM and composite IRM analysis. The group 1 (the carbonate platform of the Calcaires des Cañons) is generally less homogeneous, and the IRM curves are not saturated but they show an important contribution of low-coercivity carrier to the NRM. This contribution is revealed by the back-field values less than -200 mT in 14 of the 19 analyzed specimens ( Figure 2a ). On the other hand, group 2 shows a more homogeneous magnetic content with a predominance of low-medium coercivity carriers, denoted by the quick saturation of the IRM acquisition curve and by the low values of the coercivity force. The saturation is reached at about 150-250 mT, and the coercivity force in the backfield analysis (Hcr) are below À100 mT in more than 85% of the studied cases) (Figure 2b ).
[17] Stepwise thermal demagnetization of composite IRM [Lowrie, 1990] also reflects the two groups of rocks in terms of ferromagnetic content. Group 1 shows the contribution of hard coercivity carriers that unblock either below 700°C or 150°C. The first unblocking temperature is typical from hematite (found in 85% of the samples) and the second ones from goethite (in around 25% of the samples). In some specimens it is possible to see a decay in the Figure 4 . Low-temperature curves. (a) SEEPHECO treatment. First low-temperature saturation isothermal remanent magnetization (LTSIRM) of 2.5 T at 20 K is given, followed by heating in a zero field environment with measurement every 5 K up to 300 K; with saturation isothermal remanent magnetization (SIRM) of 2.5 T at 300 K and finally cooling the sample in zero field environment down to 20 K, measuring every 5 K. The curves show the Verwey transition in all rock types (Mg). Pyrrhotite (Py), hematite (Hm) (Morin transition is not clear), and goethite (Goeth) (the remanence in the heating curve increases; Curie temperature is 120°C) can be also present. (b) FCZFC treatment. Cool the sample from 300 K to 10 K within an applied field of 2.5 T (field cooling); heat and measure every 5 K (FC curve). Then, cool the sample in a zero field environment (zero field cooling) and finally heat and measure every 5 K. The difference in remanence between the two curves above 50 K can be characteristic of goethite. The fast loss in remanence before the 50 K in the FC and ZFC curves can indicate the presence of SP grains. Py, transition for pyrrhotite (30 -35 K); Mg, Verwey transition for magnetite (120 K); Hm, Morin transition for hematite (285 K).
intensity of the medium axis at 300°-350°C indicating the presence of sulfides. In addition, the decay of the soft axis between 500°C and 600°C suggests the presence of magnetite (Figure 3a) . Group 2 shows a dominance of low-and medium-coercivity carriers, the unblocking temperature is always under 600°C, and the IRM is dominated by the soft axis (60 -90% of the IRM), which altogether indicate the presence of magnetite. The decay of the intermediate axis around 300°-350°C indicates the presence of sulfides as in group 1 (Figure 3b ). Although the presence of hard coercivity minerals (hematite and goethite) is detected by the IRM and composite IRM analysis, it is important to note that the thermal cleaning of the NRM of all specimens shows unblocking temperatures <600°C, indicating that hematite is not an important remanent magnetization carrier.
[18] Low-temperature analyses indicate the presence of magnetite, since the Verwey transition (at around 120 K [Verwey and Haayman, 1941] ) has been recognized in 45 out of 60 experiments (from microchips and powder samples). In five samples, the Morin transition for hematite is observed (at around 260 K [Liebermann and Banerjee, 1971] ). The sudden decrease in the intensity of the cooling curve below 40 K strongly suggests the pyrrhotite transition in 29 samples (the transition for pyrrhotite occurs at 30-34 K [Rochette et al., 1990] ). The increase of the intensity in the cooling curve after the saturation isothermal remanent [Jackson, 1990] ; line b, SD and MD mixture (Parry, 1982) ; line c, remagnetized limestones magnetization suggests the presence of goethite (see Figure 4 for more details).
[19] Hysteresis analyses were done in 100 chips and 30 standard specimens. The loops show a wasp-waisted shape, which is considered a signature of remagnetized carbonates [Jackson, 1990; McCabe and Channell, 1994; Channell and McCabe, 1994] (Figure 5 ). The Day diagram [Day et al., 1977] , constructed from parameters taken from the hysteresis loops and the back field, shows a distribution of the samples between the remagnetized carbonates in North America [Jackson, 1990] and the mixture of singledomain (SD) and multidomain (MD) grains [Parry, 1982] ( Figure 6 ).
[20] Finally, the comparison of the high field susceptibility (measured with MPMS) in about 20 hysteresis loops with the low field susceptibility, measured in sister samples in a Kappabridge KLY-2, suggests that the paramagnetic contribution range between 55% and 65%, which implies a relatively high ferromagnetic contribution in some of the samples.
Components
[21] In terms of paleomagnetic behavior, despite the difference in the ferromagnetic mineral content, a common description of the magnetic components can be used for the whole data set due to the stable signal. Three distinctive paleomagnetic components have been identified:
[22] 1. For the low-temperature component, unblocking always occurs below 250°C. In most cases this viscous component is either very similar to the present geomagnetic field or randomly distributed such that it has not been considered (Figure 7) .
[23] 2. For the intermediate component, unblocking generally occurs between 250°C and 450°C. This component sometimes persists up to 500°-525°C. This component is widespread (it is defined in 85% of the analyzed sites) and always presents reverse polarity respect to the considered Tertiary reference (Foldout 1, Figure 8 , and Table 1a ).
[24] 3. For the high-temperature component, unblocking occurs between 450°C and 575°C. This direction has been clearly recognized in 30% of the sites. The Eocene turbidites do not show this component The C component displays two antipodal polarities when tilt corrected (Foldout 1, Figure 8 , and Table 1b ).
Stability
[25] The B component shows a remarkably constant orientation (geographic coordinate system). To confirm this apparent postfolding age, the McElhinny [1964] and McFadden [1990] fold test have been carried out for the whole data set. Three regional groups are presented in Table 2 together with the total mean for all sites.
[26] The fold test has been preformed with sites where a 95 < 15. The fold test is always negative (postfolding). This result in combination with the occurrence of only one polarity indicates that the B component represents a widespread and postfolding remagnetization (Figure 8a and Table 2 ).
[27] On the contrary, the C component shows two polarities and exhibits a large scatter in geographic coordinates. The fold test confirms the prefolding character of this component ( Figure 8b and Table 2 ). This, together with the appearance of two pseudoantipodal polarities (Figure 8c ), points to a primary magnetization acquired during Cretaceous times.
Paleomagnetic References
[28] To quantify the amount of VARs, the Upper Cretaceous and Eocene-Oligocene reference directions have been considered for a common reference point centered in the studied area at 42°41 0 N, 00°00 0 (Gavarnie valley). The Upper Cretaceous reference has a declination and inclination (D/I) of 002/44 (a 95 = 7 and k = 94) from data compiled by Van der Voo [1993] from Storetvedt et al. [1987] , Van der Voo and Zijderveld [1971] , Van der Voo [1969] , and Storetvedt et al. [1990] . The data correspond to Campanian-Maastriachtian stable Iberia sites in Portugal.
[29] The Bartonian-Rupelian reference (upper Eocenelower Oligocene) is D/I of 005/47 (a 95 = 2 and k = 16), calculated from sectors Vic-3 and Vic-2 from Taberner et al. [1999] and from the sectors of Barberá [1999] from sediments of stable Iberia, in the NE part of the Pyrenean foreland (Ebro basin).
Discussion
Magnitude of the Rotation
[30] The paleomagnetic mean for each site of the B and C components is represented in Foldout 1 (see also Tables 1a and 1b) together with the Upper Cretaceous and EoceneOligocene references. It is observed a general trend of clockwise rotation of the B component, whereas the rotation of component C is slightly lower.
[31] As a first approximation in looking at VARs in the area, the means of B and C components are represented ( [1982a, 1982b, 1987a, 1987b] . [32] Because of the fact that the B component shows a distinguishable clockwise rotation respect to the Tertiary reference and in addition to that, the B component is present in almost all sites, we focus on the rotation of the B component in six different sectors along the IS. Every regional sector will provide a rotation value for a segment of the IS (Figure 10 and Table 3 ). It can be seeing that a more homogeneous rotation is documented in the western part (sectors 1 to 3), ranging from +11°to +16°. The clockwise rotation reaches its maximum with +26°in sector 4. Toward the east, sector 5 shows few sites that carry the secondary component, so the errors of the mean direction are slightly higher. Notice that the anticlockwise rotation found in sector 5 is out of the regional trend of clockwise rotations but is also not significant; there is an overlapping of sector 5 mean and the reference direction confidence cone. Finally, sector 6 outlines the results from the Eocene deposits in the Jaca-Pamplona turbiditic basin. The rotation in the turbiditic basin also shows a clockwise rotation of +22°that follows the regional trend found in the Internal Sierras.
[33] This clockwise rotation registered in an E-W trending and fairly straight structural zone accounts for the differential shortening along strike that is deduced from balanced cross sections [Choukroune and ECORS Team, 1990; Muñoz, 1992; Martínez-Peñ a and Casas-Sainz, 2003 ]. The higher shortening value in the southwestern Pyrenees is recorded to the east in the Cotiella-Neste Aure section with 88 km [Martínez-Peñ a and Casas-Sainz, 2003] , whereas the lower value with 26 km is recorded to the west (Ansó-Arzacq section by Teixell [1992] ). Since rotations (b) and differential shortening (DS) are mathematically related, we can use this function to calculate the expected rotation value from the shortening differences in the boundaries of the studied area: DS = Sc 1 À Sc 2 = 2 D sin (b/2) and then b = 2 arcsin (DS/2D) [Pueyo et al., 2004; The impact of vertical-axis rotations on shortening estimates, submitted to Journal of Structural Geology, 2007, hereinafter referred to as Sussman et al., submitted manuscript, 2007] , where Sc1 is the shortening in the west, the Sc2 is the shortening in the east, D is the distance between the two sections (100 km), and b is the rotation value. The expected rotation in the IS is b = +11°, which is the same order of magnitude that we obtain with Latitude; longitude; n/N, number of samples over the total per site; D, declination; I, inclination; a 95 and k, statistical parameters associated with the means; So, bed (strike and dip); (i), overturned; BTC, before tectonic correction; and ATC, after tectonic correction.
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OLIVA-URCIA AND PUEYO: PALEOMAGNETISM AND BASEMENT KINEMATICS the paleomagnetic analysis from the mean of the B component (+13°). The expected value of the rotation is also close to the value of the statistically insignificant rotation of the mean of the C component (+8°). The calculation of the rotation allows correcting the effect of out-of-plane movement within cross sections, which causes errors on the traditional shortening estimation [Pueyo et al., 2004; Oliva-Urcia and Pueyo, 2005; Sussman et al., submitted manuscript, 2007] .
[34] Higher rotation values have been found in the External Sierras and the Jaca-Pamplona Basin [Pueyo, 2000; Pueyo et al., 2002 Pueyo et al., , 2003a Pueyo et al., , 2003b and in the Aínsa Basin, which is situated to the west of the SPCU Fernández, 2004; Muñoz et al., 2003] . However these values are partially related to the development of certain large-scale oblique structures (Boltaña anticline) that accommodate strong local gradients of shortening. In any case, the value detected in the IS as well as in the frontal portions of the ES can be related to the orogenic-scale gradient of shortening detected in the southwestern Pyrenees by cross section balancing although the causal origin remains unclear.
[35] In order to clarify the relationship between the rotation of both components (B and C), we focus now on the sites where both the remagnetization and the primary component have been isolated (around 30% of the total data set). The rotation registered by the B component in each site is subtracted from the declination of the C component of the same site, so that we can calculate the orientation of the C component before the rotation of the B component takes place, or in other words, at the time the B component is blocked within the rocks. Besides, this operation may help to find some clues about the age of the rotation of the remagnetization component. As shown in Figure 11 Table 1a .
TC4014 OLIVA-URCIA AND PUEYO: PALEOMAGNETISM AND BASEMENT KINEMATICS Sol, solution for the fold test, yes/no for McElhinny [1964] and four different solutions for McFadden [1990] that use the null hypothesis criteria. The value of k maximum is presented and so is the best percentage of unfolding. The precision parameter k (ratio between the precision parameter before and the precision parameter after folding the bedding planes) indicates when the McElhinny test is significant respect to the critical value (CR). CR depends on the number of samples and their vectorial sum. The test is positive when k>CR and maximum at the 100% unfolding, and it is negative when k>CR and maximum at 0% unfolding of the bedding planes. The McFadden test uses the null hypothesis criterium and gives four solutions: NY (no yes) when the null hypothesis is rejected in the mean in situ but it cannot be rejected in the unfolding position, so the magnetization is postfolding; YN (yes no) where the postfolding position cannot be rejected, so the magnetization was aquired pior to folding; YY (yes yes) where no position can be rejected, and therefore there is no evidence of the timing of acquisition of the magnetization; and NN (no no) when the null hupothesis is rejected in both positions so the magnetizaion is syndeformational. S., Sierra; V., Valley.
OLIVA-URCIA AND PUEYO: PALEOMAGNETISM AND BASEMENT KINEMATICS of 002/44, a 95 = 7; k = 94). Therefore there is neither previous nor statistically significant rotational event in this area of the Pyrenees before the rotation registered by the B component takes place. The dating of the remagnetization component is of key importance to assign a date to the rotation event in the Pyrenees, as it will be shown later.
Coupling Between Cover and Basement Thrusts
[36] The structure in the western part of the studied area allows characterizing the relationship between cover and basement thrust systems. In the west of the IS between the Aragón-Subordán river and the Gállego river (see Foldout 1 for location), two groups of sites are split. In that sector, the cover of the Upper Cretaceous rocks unconformably overlies the Paleozoic of the axial zone, but higher in the section the Upper Cretaceous rocks are also affected by the LarraMonte Perdido thrust system. The two groups of sites are as follows: (1) The first group is located in the sediments overlain the Paleozoic rocks, which implies that the materials are affected by the Gavarnie and the Guarga basement thrusts. (2) The second group gathers sites higher in the section, affected by both the basement thrusts mentioned above and also the previous cover thrusts (the Larra-Monte Perdido imbricated thrust system).
[37] The results show that the B component is indistinguishable between group 1 and group 2 (Figure 12 ). The group of sites from the overlain cover of Paleozoic basement rocks (group 1) shows a mean of D/I 1 of 203/ -46 (a 95 = 7, k = 24) from 18 sites, while the second group reveals a mean of D/I 2 of 199/À45 (a 95 = 5, k = 62) from 15 sites. The first and interesting deduction we obtain from the overlapping of the paleomagnetic directions of the two groups is that the cover thrust system (Larra-Monte Perdido) does not produce any significant rotation in the area. Secondly, the B component is clearly affected by a clockwise rotation (between +14 and +18) with respect to the Tertiary reference.
Other Timing Considerations About the Remagnetization Event
[38] On one hand, the younger sediments with the B component are the Eocene turbidites. Because the B component is postfolding, this implies that the remagnetization event takes place after the folding of those materials. The folding of the turbidites occurs sometime between the middle and upper Eocene, when the Larra-Monte Perdido, Gavarnie, and Bielsa thrust sheets deform the flysch deposits [Labaume et al. 1985; Teixell, 1992 Teixell, , 1996 Martínez-Peña and Casas-Sainz, 2003 ]. On the other hand, the comparison of the inclination of the B component respect to the inclination of the Tertiary reference will give more information about the timing of the remagnetization. The B component is not affected by the tilting of the basement thrusts that incline the Mesozoic-Tertiary cover near the axial zone. This suggests that the B component is acquired after the first stages of the movement of the Gavarnie (in the western part) and the Bielsa (in the eastern part) thrusts. This is represented in Figure 13 , where a geological cross section from the western part shows also the mean of the B component in each thrust sheet. The inclination of the B component in each thrusts sheet is similar to the Tertiary reference in spite of the tilting found in Upper Cretaceous rocks affected by the Gavarnie thrust. Therefore the remagnetization is postbasement stacking and hence gives highly kinematic information: the rotation of the B component is also younger than the stacking basement thrust sheets (Bielsa and Gavarnie).
[39] Apart from that, the reverse polarity found in all sites for the B component indicates that the remagnetization event blocks the component during, most probably, a sole reverse polarity chron which are not longer that 4 Ma in Cretaceous-Tertiary times.
Remagnetization
[40] It is known that different causes can produce remagnetizations in carbonates, but due to the geological characteristics of the Internal Sierras, the following remagnetization mechanism did not take place in the studied area: (1) thermoremanent magnetization (TRM) because the IS have never been affected by a high metamorphic event, as in the northern side of the axial zone [Albarède and VitracMichard, 1978; Mattauer, 1985; Montigny et al., 1986] , and lower metamorphic grade temperatures would have needed hundreds of millions of years to reset the previous magnetic carriers present in the sediments (following Pullaiah et al. [1975] ), (2) chemical remanent magnetization (CRM) attributed to burial diagenesis or organic mater maturation, because it would produce a prefolding remagnetization component and neither account for the different types of rocks nor for the different tectonosedimentary settings and their geochemical evolution that occur in the IS, and (3) CRM (and partial TRM) due to orogenic fluids. Orogenic fluids are not taking into account because chemical studies in fluids inclusions in the region [Travé et al., In that case, different ferromagnetic minerals would be expected. Besides, the dominant flow might be conducted by thrusts planes and it may not affect the whole sequence of sediments, as it has been previously pointed out [Elmore et al., 2001 ] so a widespread remagnetization would not be the case, as it occurs in the Internal Sierras.
[41] Looking at the distribution of remagnetized and nonremagnetized sites, and the location of the cleavage domain; it is remarkable that all sites with a postfolding remagnetization are in the pressure solution cleavage domain. Because of this fact, we suggest that the remagnetization event in the Internal Sierras takes place during the alpine evolution of the mountain range when the main regional cleavage domain develops. That means there is not only a spatial relationship between the cleavage domain and the remagnetization but also a link in time and origin. The proposed mechanism is as follows: during the development of the pressure solution type of cleavage, the carbonatic matrix dissolves, and the ferrimagnetic minerals, which are part of the non soluble fraction, are left behind and reorient with the new magnetic field in the cleavage planes [Oliva-Urcia, 2003] . With the available data we cannot discard that neocrystallization of magnetite related to the pressure solution cleavage can take place, as it has been suggested for remagnetization events in weakly deformed mud rocks [Housen et al., 1993] and limestones [Lewchuk et al., 2003; Evans and Elmore, 2006] . Besides, the low-temperature analyses ( Figure 5 ) may indicate the presence of SP magnetite grains [Xu et al., 1998; Katz et al., 1998 ], although they can also indicate the presence of goethite (see Weil and Van der Voo [2002] after Ö zdemir and Dunlop [2000] ). The presence of SP grains would indicate a chemical remagnetization origin. Analysis and observations using scanning electron microscopy (SEM) will provide some light on this specific subject, which is beyond the scope of the paper.
[42] In order to discuss the age of the cleavage domain we address some constrains to the development of pressure solution type of cleavage in the area:
[43] It is suggested from chemical analysis in fluid inclusions and from structural analysis that the overburden on top of the volume of rocks that develops the cleavage planes in the studied area is about 4 -7 km. To reach such Definitions are n/N, number of samples per site; CR, critical ratio; l, angle between bedding planes; D, declination; I, inclination; a 95 and k, statistical parameters associated with the ''Fisherian'' means; and g, the rotation (both absolute and referring to the Eocene-Oligocene reference).
b Paleomagnetic reference for rotations in Tertiary (Eocene-Oligocene). pile of sediments on top of the turbiditic basin, younger sediments of Bartonian-Rupelian age will deposit. The sediments comprise platform, transitional and continental environments related to the filling of the foreland basin during the tectonic compression. Therefore the age of the deposition of these sediments and the beginning of their exhumation constrain the time when the cleavage develops. In other words, the beginning of the exhumation and erosion of the sedimentary pile restricts the developing age of the regional cleavage domain. The early start of the exhumation takes place when Guarga thrust sheet emplaces in the west side, so that the cleavage development cannot be later than the base of the Chattian (Oligocene). Therefore we propose that the development of the widespread remagnetization event may occur at around 30 Ma ago (Rupelian), and possibly during the chron C12R, which is the longest reversal polarity chron (around 2 Ma according to Cande and Kent [1995] ).
Conclusions
[44] The paleomagnetic data presented here allow us to distinguish two stable magnetization components in the Upper Cretaceous sediments: (1) the intermediate component (B) that unblocks between 300°C and 450°C, is always reverse and postfolding, and shows a total mean rotation of +13°; and (2) the C component with higher unblocking temperature (between 500°C and 580°C) that has two polarities, is prefolding and shows a total mean rotation of +8°, although is not statistically significant. The turbiditic deposits also show the presence of the same B component and in two samples the C component was described. The main carrier of the magnetization is magnetite (shown by the unblocking temperatures and the Verwey transition in low-temperature curves). Small contributions of hard coercivity ferromagnetic minerals (goethite, hematite) can be present too.
[45] The kinematics deductions derived from both components are the followings: There is not differential rotation between the cover and the basement thrust systems in the area during the first stage of the evolution of the orogen (following Storti et al. [2000] ). Besides, there are not significant rotations before the acquisition of the remagnetization component. On the contrary, the second evolution stage of the orogen (emplacement of Guarga basement thrust) produces a moderate clockwise rotation in the internal parts of the chain (Internal Sierras) of around +13°regarding the mean of the B component. This rotation Figure 12 . Equal-area projection in lower hemisphere. The B component (dots) of both groups is indistinguishable but is clearly different from the Eocene reference. Figure 13 . Sierra Bernera cross section [from Teixell, 1992] in the western part of the drilled area. The vectors indicate the mean of the B component in each thrust sheet (three to five sites were used to calculate the mean in each thrust sheet). affects both the cover (Larra-Monte Perdido thrust) and the basement (Gavarnie, Milares, Bielsa) thrusts systems. The rotation accounts for the differential shortening along the strike at orogenic scale (southwestern Pyrenees) as can be deduced from balanced cross sections [Teixell, 1998; Martínez-Peña and Casas-Sainz, 2003 ]. In the external parts of the orogen (External Sierras or in the Aínsa Basin) the rotation associated with the latest basement thrust emplacement (Guarga) shows similar results but can be higher (up to +45°or more) in some local structures (Pico del Á guila or Boltaña anticlines in the ES [Pueyo, 2000; Fernández, 2004] ).
[46] Our data together with previous paleomagnetic data suggest the spatial and causal relationship of the remagnetization component with the main cleavage development in the Internal Sierras. The remagnetization event occurs later than the folding of the Flysch sediments (middle-upper Eocene), which are the younger rocks showing the presence of this postfolding component. The age of the remagnetization is also constrained by the inclination of the B component, which shows that is not affected by the stacking of the basement thrusts (Gavarnie, Bielsa), so it is also later than the beginning of the emplacement of those basement thrusts (later than Priabonian-upper Eocene).
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